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structures	 and	 assemblies.	 These	 four-helix	 bundles	 per-
form	a	wide	variety	of	functions	including:	acting	as	protein	







As	 such,	 four-helix	 bundles	 have	 become	 key	 targets	 and	
scaffolds	for	de	novo	protein	design.12–18	Usually,	these	com-
prise	 amphipathic	 a	 helices.	 These	 helices	 assemble	 via	
their	hydrophobic	faces	to	form	bundles	with	the	hydropho-




termolecular	 cases,	 alternative	 helical	 arrangements	 (e.g.,	
all	 parallel,	 up-down	 antiparallel)	 and	 even	 other	 oligo-
meric	states	are	possible.	Therefore,	the	specification	of	he-
lix-helix	interactions	that	direct	towards	a	specified	struc-
ture	 and	 away	 from	 unwanted	 alternatives	 is	 critical	 for	
successful	design;	these	two	aspects	are	known	as	positive	
and	 negative	 design,	 respectively.	 Ultimately,	 what	 is	 re-




all-parallel	 and	 up-down-up-down	 antiparallel	 four-helix	






ous	work,	 including	Crick’s	model	 for	packing	 in	a-helical	
coiled	coils,21	 to	show	that	structural	similarities	between	










four-helix	 bundles	 provide	 the	 basis	 for	 categorizing	 the	
fold	by	helix-crossing	angles,	with	six	categories	emerging:	
square,	splinter,	x,	unicornate,	bicornate	and	splayed.24	The	
square	 class	 contains	 the	 previously	 identified	 four-helix	
bundles,	where	all	helices	are	aligned,	while	the	other	clas-
ses	have	packing	more	 similar	 to	previously	 identified	a-
helical	globules.25	The	main	differentiating	factor	between	




teractions	 to	 repeated	 regular	 interactions	 (Figure	 1A).26	
Short	helices	(<	14	residues)	tend	to	be	more	free	to	associ-
ate	 in	aligned	or	orthogonal	 configurations,	 resulting	 in	a	
wide	range	of	bundles.25	Whereas,	longer	helices	(>=	14	res-
idues)	favor	aligned	arrangements,	packing	optimally	as	ex-
tended	bundles	with	 regular	and	 repeating	 interactions.27	
Extended	bundles	can	be	categorized	further	based	on	the	
predominant	 mode	 of	 helix	 packing,	 from	 less-specific	







tamate	 and	 lysine	 to	 create	 self-assembling	 amphipathic	
helices,31	although	these	were	later	revealed	to	form	larger	
globular	 bundles;32	 then	 joining	 these	 together	with	 pro-
line-and-arginine-based	loops	to	generate	hairpins	that	di-
merize;33–36	and	expressing	single-chain	four-helix	bundles	





and	 cofactor-binding	 properties.38,39	 For	 instance,	 Dutton	
and	co-workers	have	also	built	four-helix	bundle	maquettes	
that	 incorporate	 heme	 to	 bind	 and	 transport	 oxygen.40–42	









braries	 are	 generated	 to	 be	 compatible	 with	 the	 overall	
four-helix-bundle	 fold.	Moreover,	 rather	 than	 actively	 se-
lecting	 from	or	evolving	these	 libraries,	proteins	that	sur-
vive	or	operate	in	cells	are	picked	out	passively.	In	this	way,	
the	 group	 have	 achieved	 stably	 folded	 and	 structured	 de	
novo	 four-helix	 bundles.47,48	 In	 turn,	 these	 have	 been	 en-
dowed	with	 functions	 such	as	heme	binding,49	 abilities	 to	
substitute	for	deleted	endogenous	proteins,50,51	small-mol-
ecule	 binding,52	 reducing	 copper	 toxicity,53	 and,	 impres-
sively,	a	de	novo	protein	that	catalyzes	a	life-sustaining	re-
action	in	a	microorganism.54	












































CC-Hex1	 Ac-GELKAIAQELKAIAKELKAIAWELKAIAQGAG-NH2 82	 -	 6.0	 6	(pH	7.5)	
CC-Hex*-L24D	 Ac-GELKAIAQELKAIAKELKAIAWEDKAIAQG-NH2 10	 1.6	 &	4.6	 2.1	
4	(pH	8.5)	
CC-Hex*-L24E	 Ac-GELKAIAQELKAIAKELKAIAWEEKAIAQG-NH2 15	 2.0	 &	4.5	 2.2	
4	(pH	8.5)	&	
6	(pH	6)	
CC-Hex*-L24H	 Ac-GELKAIAQELKAIAKELKAIAWEHKAIAQG-NH2 55	 4.2	 4.9	 4	(pH	6.5)	
CC-Hex*-L24K	 Ac-GELKAIAQELKAIAKELKAIAWEKKAIAQG-NH2 41	 4.3	 4.7	 4	(pH	8)	
CC-Hex*-L24Dab	 Ac-GELKAIAQELKAIAKELKAIAWEΓKAIAQG-NH2 30	 4.7	 4.5	 4	(pH	6.5)	










of	 predominantly	 aliphatic	 hydrophobic	 residues	 at	 the	a	





















complement	 to	 form	 a	 parallel	 A3B3-type	 heterohexamer.	
However,	through	a	number	of	unpublished	studies,	we	find	
that	the	CC-Hex	scaffold	is	not	completely	robust	and	its	ol-
igomer	 state	 changes	 with	 other	 polar	mutations.	 Subse-
quently,	we	have	developed	parametric	computational	de-
sign	to	deliver	a	series	of	a-helical	barrels,	 including	pen-
tamers,	 new	 hexamers	 and	 a	 heptamer.64	 These	a-helical	
barrels	are	more-robust	to	mutation	and	serve	as	platforms	
for	rational	design	to	introduce	new	functions.65,66		
Herein,	 we	 return	 to	 the	mutants	 of	 CC-Hex	 and	 explore	
structural	plasticity	in	the	coiled-coil	structural	landscape.	
This	must	be	navigated	to	deliver	robust	de	novo	designs.	
Specifically,	 we	 describe	 a	 hitherto	 unexplored	 sequence	
with	glutamic	acid	(Glu,	E)	at	position	24.	This	assembles	as	
a	stable	parallel	hexamer	at	low	pH,	and	as	an	up-down-up-
down	 antiparallel	 tetrameric	 coiled	 coil	 near	 neutral	 pH.	
Moreover,	substituting	positively	charged	lysine	(Lys,	K)	or	
2,4-diaminobutyric	acid	(Dab)	residues	at	position	24	gives	
the	 antiparallel	 tetramer.	Thus,	 this	 study	 shows	 that	 the	
CC-Hex	scaffold	is	far	less	mutable	than	previously	believed.	
We	 use	 the	 X-ray	 crystal	 structures	 for	 the	 new	 state	 to	
guide	the	rational	design	of	a	robust	and	hyperstable	anti-





in	 protein	 design	 and	 engineering,	materials	 science,	 and	
synthetic	biology.	
RESULTS AND DISCUSSION 
Polar	mutations	at	core	sites	of	CC-Hex	cause	structural	
switches	in	solution.	
To	 probe	 how	 robust	 CC-Hex-based	 sequences	 were	 to	
forming	a-helical	 barrels,	 we	 synthesized	 variants	 of	 CC-
Hex	at	position	24.	This	is	an	a	position	of	the	heptad	repeat	
and,	therefore,	contributes	to	the	cores	of	dimeric,	trimeric	






chains	 His,	 Lys	 and	 L-2,4-diaminobutyric	 acid	 (Dab),	 to	
giveL24H,	L24Dab	and	L24K;	and	the	non-polar	side	chain	
norleucine	(Nle),	L24Nle	(Table	1).	





















tion.	 pH	7	 saw	 a	 further	 drop	 in	 helicity	 and	 the	 peptide	
showed	signs	of	cold	denaturation.	(N.B.	This	cold	denatur-
ation	was	typical	of	mutants	 later	confirmed	as	tetramers	
(Figures	 S4.1–4.4,S4.6)).	 Sedimentation-equilibrium	 AUC	
experiments	revealed	that	from	pH	3	–	7.4	L24E	switched	
from	 hexameric	 to	 dimeric	 species	 (Figure	 2D),	 whereas	




To	 test	 if	 the	 tetramer	 resulted	 from	 charged	 residues	 at	

















X-ray	 crystal	 structures	 reveal	 a	 broader	 accessible	
structural	landscape.	
To	add	to	the	previously	documented	hexameric	structures	
of	 CC-Hex-D24	 and	 CC-Hex-H24	 (PDB	 ID	 codes	 3R46	 and	
3R47),	we	obtained	X-ray	crystal	structures	for	L24E,	L24D,	
L24Dab,	L24K,	L24H	and	L24Nle.	L24E	crystallized	in	two	







from	 peptide	 synthesis	 (pH	 <	 2).	 In	 the	 studies	 reported	
herein,	L24D	and	L24H	only	crystallized	as	the	antiparallel	
tetramer.	 However,	 as	 mentioned	 above,	 previously,	 we	






ability	 to	 obtain	 other	 crystal	 forms	 does	 not	 necessarily	






































CC-Hex*-KgEb	 Ac-GKLEAIAQKLEAIAKKLEAIAWKLEAIAQG-NH2 38	 -5	 -5	 4	
CC-Hex*-LL	 Ac-GELKALAQELKALAKELKALAWELKALAQG-NH2 61	 4.6	 4.4	 4	
CC-Hex*-II	 Ac-GEIKAIAQEIKAIAKEIKAIAWEIKAIAQG-NH2 69	 6.0	 5.6	 6	
CC-Hex*-LL-KgEb	 Ac-GKLEALAQKLEALAKKLEALAWKLEALAQG-NH2 62	 3.95	 4.05	 4	











similar	 antiparallel	 four-helix	 coiled	 coils	 with	 backbone	
and	all-atom	RMSDs	for	residues	1	–	23	across	of	the	whole	
set	of	0.44	Å	±	0.12	Å	and	1.13	Å	±	0.44	Å,	respectively	(Fig-
ure	 3C).	 They	 have	 staggered	 rather	 than	 blunt-end	 ar-
rangements	of	the	helices,	and	the	helices	are	frayed	or	dis-
ordered	after	the	polar	24th	residue.	As	a	result,	 the	cores	
are	 exclusively	 hydrophobic.	 These	 cores	 have	 contribu-
tions	from	residues	at	a	(Leu),	d	(Ile)	and	e	(Ala)	sites	of	the	























structures	 are	 antiparallel	 tetrameric	 bundles,	 only	 the	




an	 oblate	 antiparallel	 tetramer	with	 wide	 interfaces	 cen-
tered	on	d	=	Val	and	Alacoil	interfaces	centered	on	e	=	Ala.	68	
Furthermore,	the	L24	variants	resemble	HexCoil-Ala	(PDB	




Blunt-ended	 and	 fully	 folded	 tetramers	 can	 be	 rede-
signed	from	the	CC-Hex*	sequence.	
Figure	3.	X-ray	crystal	structures	of	CC-Hex*	point	mutants.	









topology—i.e.,	 an	 up-down-up-down	 antiparallel	 te-

































and	d	 positions	 of	 CC-Hex*.	 One	 of	 these	mutants	 has	 al-
ready	 been	 reported:	 swapping	 the	 Leu	 at	a	 and	 Ile	 at	d	
results	in	the	formation	of	a	slipped	hexameric	barrel,	CC-
Hex*-IL	 (PDB	 ID	 code	 4H8G).72	 For	 the	 study	 presented	
herein,	we	made	the	two	other	permutants	with	either	all	
Ile	or	all	Leu	at	both	a	and	d,	i.e.,	CC-Hex*-II	and	CC-Hex*-LL,	
respectively.	 CC-Hex*-II	was	a-helical	 and	 completely	un-
folded	upon	heating,	whereas	CC-Hex*-LL	was	highly	a	hel-
ical	 and	 hyperthermal	 stable	 (Figure	 S4.7).	 CC-Hex*-LL	
showed	the	start	of	a	thermal	unfolding	transition	at	≈75	°C	




























These	 results	 demonstrate	 further	 the	 complexity	 of	 the	
self-association	 landscape	 of	 CC-Hex-based	 peptides.	 And	
that	alternative	states	can	be	accessed	by	changes	in	solu-
tion	 conditions	 and/or	 small	 changes	 to	 the	 sequence.	
Nonetheless,	 they	 also	 suggest	 ways	 in	 which	 structures	
within	this	 landscape	can	be	targeted,	which	we	illustrate	
below.	




antiparallel	 homotetramer.	 In	 addition,	 we	 swapped	 the	
charged	residues	at	g	and	b	positions,	as	this	also	favors	an-
tiparallel	 tetramer	 over	 hexamer.	 This	 gave	 CC-Hex*-LL-	
KgEb	 (Table	 2).	 Compared	with	 CC-Hex*-LL,	 CC-Hex*-LL-
KgEb	gave	a	sharp	single	peak	in	the	c(s)	distribution	in	sed-










tiparallel	 tetramers.	 (C)	 CC-Hex*-II	 (blue)	 forms	 a	 collapsed	
parallel	hexamer.	
 




















CC-Hex*-LL	 (Figure	 5C).	 For	 apCC-Tet,	 analyses	 of	 these	
data	gave	single	discrete	species	with	weights	of	4.0	and	4.1	
x	monomer	mass	by	sedimentation	velocity	and	sedimenta-



















altered	 backbone	 arrangements	 or	 core	 packing,	 nor	 are	
they	from	salt-bridge	formation.	We	posit	that	the	changes	








tetramer	 with	 an	 up-down-up-down	 topology	 and	 oblate	
cross-section.	This	adds	 to	a	growing	basis	 set	of	de	novo	


















tetramer,	 CC-Tet.62	 Herein,	we	 have	 described	 a	 series	 of	
point	and	en	bloc	changes	to	a	modified	CC-Hex	sequence,	
CC-Hex*,	which	 lacks	 the	 original	C-terminal	 AlaGly	mass	
tag.	





charge-bearing	 point	 variants:	 charged	 side	 chains	 intro-
duced	that	are	charged	are	disfavored	in	the	parallel	barrel	
state	 and,	 therefore,	 switch	 to	 the	 offset	 antiparallel	 te-












for	 less-well-defined	 peptide-peptide	 interfaces	 where	
many	near-isoenergetic	states	are	accessible.12	
The	 energy	 landscape	 for	a-helical	 coiled-coil	 assemblies	
may	well	be	more	navigable	than	the	general	case	of	helical	
bundles.	 This	 is	 for	 three	 interrelated	 reasons:	 First,	 the	
hallmark	knobs-into-holes	packing	of	coiled	coils	dramati-
cally	reduces	the	number	of	helical	arrangements	possible.	
As	 a	 result,	 it	 is	 relatively	 straightforward	 to	 enumerate	












blies	 all	 possible.56,92	 Nonetheless,	 considerable	 progress	
has	been	made	 to	discern	 sequence-to-structure	 relation-
ships	and	to	develop	computational	methods	for	coiled-coil	
design.	These	have	led	to	robust	rational	and/or	computa-









cept	 has	 recently	 been	 revisited.96,97	Here,	we	 add	 to	 this	
showing	that	buried	charged	residues	disfavor	high-oligo-
mer	states	for	alternate	antiparallel	tetramers	in	the	CC-Hex	
background.	 Furthermore,	 for	 certain	 sequences	 the	 two	






been	described	by	 others.	 Lizatović	et	 al.	design	 a	 pH-re-
sponsive	 sequence	 that	 switches	 between	 a	 pentameric	
bundle	 and	 parallel	 hexameric	 bundle.98	 Grigoryan	 et	 al.	
present	 the	 design	 of	 carbon-nanotube	 solubilizing	 pep-
tides,	which	wrap	around	the	surfaces	of	the	nanotubes.	In	
isolation,	one	of	 these	peptides	 forms	a	 tetramer,	and	an-
other	 forms	 a	 dimer/hexamer	 mixture.69	 Others	 are	 also	
discovering	that	seemingly	benign	sequence	alterations	can	
cause	 gross	 structural	 changes	 in	 self-associating	 coiled	
coils.	Slovic	et	al.	describe	the	redesign	of	the	membrane-
spanning	peptide	phospholambin	to	make	it	water	soluble.	















in	 the	design	 and	assembly	of	 protein	origami,107	 peptide	
nanotubes,72	 protein	 colocalization,108,109	 and	 generally	 as	
tectons	 for	 generating	 complex	 self-assembling	 sys-
tems.110,111		








Bank	 using	 the	 following	 accession	 codes:	 CC-Hex*-L24D	
(6Q5H),	 CC-Hex*-L24E_tet	 (6Q5I),	 CC-Hex*-L24E_hex	 (6Q5J),	
CC-Hex*-L24K	 (6Q5K),	 CC-Hex*-L24H	 (6Q5L),	 CC-Hex*-
L24DAB	(6Q5M),	CC-Hex*-L24Nle	(6Q5N),	CC-Hex*-LL	(6Q5O),	
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